Vanadium in the hydrosphere was believed to be a conservative element due to its almost uniform distribution in both oceanic and limnetic areas. [1] [2] [3] However, slight seasonal variations with the depth of water might be encountered due to biological processes and/or the geochemical cycles of particulate vanadium and phosphorus. 4, 5 Yet few methods have been reported for vanadium determination in seawaters, probably due to the complex matrices involved and/or the high salinity of such samples. Namely, 6, 8, 9 NAA, 10,11 AAS 12,13 and HPLC 14, 15 methods were reported with typical detection limits of 0. 01 -0.04, 0.02 -0.30, 0.03 -0.80, 0.32 -0.51 and 0.03 -0.2 ng ml -1 , respectively. However, the relatively high instrumental costs [6] [7] [8] [9] [10] [11] and the need for preconcentration, 6, 7, 14 chromatographic separation, 6,7,9 extraction 8,10,13,14 or coprecipitation 11 are common disadvantages. On the other hand, catalytic methods of analysis [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] that require simple and low-cost instrumentation usually offer enhanced sensitivities with typical detection limits of 0.1 -1.0 ng ml -1 . Of these methods, the gallic acid-persulfate standard method 19, 20 and its modifications [21] [22] [23] can detect as low as 1 ng ml -1 of V V . However, due to its limited tolerability of chloride ions, the modified method 23 was applied to seawaters only after evaporating the sample in the presence of concentrated H2SO4/HClO4 mixture to remove the interfering chlorides. Therefore, the need for a simple, sensitive and selective method for application to seawaters is desirable.
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The present work describes, for the first time, the determination of V V and/or V IV down to 0.008 ng ml -1 based on its catalytic effect on the bromate-oxidative coupling reaction of metol with THBA. The simplicity, selectivity and enhanced sensitivity of the developed method allowed the analysis of natural and seawaters without any separation or preconcentration processes.
Experimental

Apparatus
Absorbance measurements were made on a pre-calibrated Shimadzu-1601 (Kyoto, Japan) double beam UV-Visible spectrophotometer equipped with a multi λ-photometric program pack and 10 mm matched cells. The cell compartment of the spectrophotometer was thermostatically controlled by circulating water from a PolyScience thermostated water bath (IL, USA) with a temperature stability of ±0.1˚C. Eppendorf vary-pipettes 10 -100 and 100 -1000 µl (Westbury, NY, USA) were used to deliver accurate volumes. A calibrated EDT Model GP 353, pH-mV meter equipped with an EDT combined glass electrode (EDT Instrument Ltd., Dover Kent, UK) was used for pH measurements with an accuracy of ±0.01. All glassware and storage bottles were soaked in 10% nitric acid overnight and thoroughly washed with fresh distilled, deionized water prior to use.
Reagents
All reagents were of analytical grade and were used as received. Fresh distilled, deionized water was used throughout.
A stock standard solution of 1000 mg l -1 of V V was prepared 20 from NH4VO3 (Aldrich) and a stock standard 1000 mg l -1 of V IV solution was purchased from Fluka.
Working standard solutions of 5.0 ng ml -1 of V V or V IV were freshly prepared from their corresponding stocks (in 1 × 10 -2 mol l -1 of sulfuric acid).
A working standard solution of 2.00 mol l -1 of sodium bromate was prepared by dissolving the reagent (Aldrich) in water.
A working solution of 8.0 × 1 -2 mol l -1 metol was prepared by dissolving 4-methylaminophenol hemisulfate (Sigma) in 10 ml of 0.05 mol l -1 phosphoric acid in an ultrasonic bath. The resulting solution is diluted with water in a 50 ml calibrated flask, wrapped with an aluminium foil and stored at 4˚C, when not in use. This solution is stable for at least two days and it should be replaced when a red tint became apparent.
A working solution of 1 × 10 -2 mol l -1 THBA was prepared by dissolving 2,3,4-trihydroxybenzoic acid (Aldrich) in water in an ultrasonic bath. The resulting solution is made up to 50 ml in a calibrated flask, wrapped with an aluminium foil and stored at 4˚C, when not in use. This reagent is stable for at least one week.
An activator-buffer solution was prepared by dissolving 0.75 g of L(+)-tartaric acid (Merck) in about 90 ml of water, adjusting the pH to 3.10 ± 0.02 with NaOH and diluting to the mark in a 100 ml calibrated flask.
A working 3.0 mol l -1 solution of sodium chloride was also prepared by dissolving the Suprapure reagent (Merck) in water.
In the study of interfering species, cations were generally in the form of nitrate or sulfate. Anions were in the form of sodium, potassium or ammonium salts.
Recommended procedure
Pyrex grade A, 20 ml, stoppered glass test tubes were kept at 35˚C in the thermostated water bath. To one of the test tubes transfer a suitable portion of the unknown natural or seawater sample. To the tube containing seawater, add a suitable amount of the working sodium chloride solution to give a final chloride concentration of 0.25 ± 0.05 mol l -1 . Dilute with water to 2.20 ml and add 1.00 ml buffer, 1.00 ml THBA and 0.40 ml metol solution. Shake and place the tube in the thermostated water bath at 35˚C for 10 min. Add 0.40 ml of sodium bromate, shake well and immediately transfer a portion of the reacting mixture to the spectrophotometric cell to record the absorbance after 5 min at 380 and/or 570 nm against water as a reference. (The multi λ-photometric program pack of the spectrophotometer enables the instantaneous monitoring of absorbances at the selected wavelengths).
The vanadium concentration of unknown natural water is determined from a calibration graph similarly prepared with the working standard vanadium solution whereas that of seawater was determined using the standard addition technique.
Results and Discussion
Metol was frequently applied to the analysis of some pharmaceutical compounds; [29] [30] [31] however, THBA had almost no analytical applications. Preliminary experiments showed that metol and THBA may be slowly oxidized by acidic bromate to give red and orange oxidation products, showing absorption maxima at 360 and 420 nm, respectively ( Fig. 1, curves 1,2) . However, bromate oxidation of a mixture of metol and THBA gave a yellow-orange oxidative coupling product that exhibited two strong absorption maxima at 380 and 570 nm, respectively, where the former peak showed a much higher intensity ( Fig. 1 , curve 4). Vanadium exerted a pronounced catalytic effect on that oxidative coupling reaction ( Fig. 1, curve 3 ). The positions of the two absorption maxima were essentially stable even with changing the reaction conditions. However, the initial parts of the obtained A-t graphs showed poor linearity. Therefore, fixed time measurements at 380 and/or 570 nm, 5 min after starting the reaction, was adopted in the recommended procedure to provide a moderate sensitivity and a low blank reading.
Some coupling agents, such as monohydric-, dihydric-and trihydric phenols were tested as coupling agents in the bromate oxidation of metol. The oxidative coupling products obtained with trihydric phenol gave higher sensitivities compared with those obtained with monohydric-and dihydric phenols. The following absorbance values were obtained with the tested trihydric phenols at the respective wavelengths: chloroglucinol (0.060, 365 nm; 0.117, 464 nm); pyrogallol (0.239, 362 nm; 0.072, 540 nm); gallic acid (0.290, 352 nm; 0.138, 567 nm); THBA (0.534, 380 nm; 0.217, 570 nm). Therefore, THBA was selected for further studies.
Optimization of the reaction variables
The absorbances of the catalyzed and uncatalyzed reactions, Ac and Au, decreased gradually with pH in the range of 2.20 -3.90; however, the sensitivity (Ac -Au) remained almost constant in the pH range of 3.0 -3.2. Thus, in order to provide moderate sensitivity and a lower reagent blank, a pH of 3.10 ± 0.02 was adopted in the procedure.
The possible activating effects of different activators were investigated at pH 3. for the reaction was tartrate, which gave the highest sensitivity and the lowest blank value (Table 1) . Therefore, tartrate was used as an effective activator and a buffer. Moreover, the sensitivity of the reaction was almost constant in the range of 0.5 -1.5 × 10 -2 mol l -1 of tartrate. Therefore, a 1 × 10 -2 mol l -1 tartrate (pH 3.10 ± 0.02) was adopted in the recommended procedure.
The Ac values increased gradually, whereas Au values increased almost linearly with metol concentration (Fig. 2) . However, the sensitivity was almost constant in the concentration range of 6.4 -16.0 × 10 -3 mol l -1 of metol; therefore, a concentration of 6.4 × 10 -3 mol l -1 metol was used in the procedure (400 µl of the working metol solution) to provide a moderate sensitivity and a low blank reading.
The effect of THBA concentration was tested using 0.1 -4.8 × 10 -3 mol l -1 of THBA. The absorbances Ac and Au rapidly increased with concentration up to 1.6 × 10 -3 mol l -1 . However, in the THBA concentration range of 1.6 -4.8 × 10 -3 mol l -1 , the absorbances Ac and Au and the sensitivity increased very slightly. Therefore, a 2 × 10 -3 mol l -1 of THBA was used in the recommended procedure.
The Ac values increased gradually, whereas Au values increased almost linearly with bromate concentration in the range of 0.02 -0.40 mol l -1 . However, a 0.16 mol l -1 bromate (400 µl of the working bromate solution) was used in the procedure to provide a moderate sensitivity and a low blank reading.
The absorbances, Ac and Au, increased gradually with temperature; however, a working temperature of 35˚C was adopted in the recommended procedure because of its moderate sensitivity and reagent blank and its convenience for operation.
The absorbance of the uncatalyzed reaction, Au, showed a slight dependence on the order of mixing the reagents. For example, addition of bromate to metol (or THBA) alone gave high blank values that may be attributed to the involvement of metol (or THBA) and bromate in a process other than the oxidative coupling reaction. Therefore, bromate was added as the last reagent in the recommended procedure.
The effects of potential interferents which generally accompany vanadium in natural and seawaters were studied. The maximum tolerable concentrations of 65 foreign species are shown in Table 2 . The tolerance level was defined as the concentration of foreign species, mg l -1 , that produced a change of less than 5% in the absorbance of a reaction catalyzed by 0.5 ng ml -1 of V V . Tolerance levels were almost the same for measurements made at 380 and 570 nm, respectively. The reported concentration levels of common pollutants 3, 20 in natural and seawaters are generally orders of magnitude lower than their tolerance levels shown in Table 2 , indicating the high selectivity of the developed method.
The mean iron concentration 3, 26 in seawater is 0.04 ng ml -1 , which is much lower than its tolerance limit; therefore, its interference is negligible in the analysis of such waters. However, such a tolerance level may be exceeded in some polluted waters but simple dilution renders this effect harmless.
Linear , following the recommended procedure, gave recoveries ≥98.5% with relative standard deviations of ≤ 1.1. This indicates the high accuracy and precision of the developed method and shows that it is equally applied to the determination of both V V and/or V IV without any pretreatment. Moreover, the student's t-test values were ≤ 1.3, showing that the t-test could not detect any systematic error in the developed method. (The tabulated t-value for the 95% confidence level and n = 5 is 2.78). 32 Seawaters are of high salinity, usually containing about 3% chlorides. 3 Therefore, the effects of added salts were investigated using Suprapure NaCl, NaNO3 and Na2SO4 reagents (Merck) and produced the different trends shown in Fig. 3 . Sodium chloride exerted a serious inhibitory effect up to a concentration of 0.2 mol l Fig. 2 Effect of metol concentration. Au, uncatalyzed reaction; Ac, reaction catalyzed by 0.5 ng ml -1 of V V ; λ = 380 nm. Except for the abscissa variable, other conditions were as given in the Fig. 1. usually much lower than their tolerance limits in the present work. However, seawaters were analyzed following the standard addition technique, where the chloride content in the reaction cell was maintained at 0.25 ± 0.05 mol l -1 , by adding the appropriate volumes of the working NaCl solution.
Determination of vanadium in natural and seawaters
Owing to its high sensitivity and selectivity, the developed method was directly applied to the determination of vanadium in natural and seawaters, without any separation or preconcentration processes. Water samples were collected, filtered through 0.45-µm Millipore membrane filters of the MF-HA type, acidified with HNO3 to pH of 1.8 ± 0.2, stored at 4˚C and analyzed within 48 h of collection. Prior to the analysis step, each sample is brought to a working pH of 3.10 ± 0.2. Chloride contents of the analyzed seawaters were determined from argentiometric titrations 20 and were found to be about 0.65 mol l -1 . Table 3 shows the analytical results for natural and seawater samples, obtained following the recommended procedure. Recovery experiments were used to check the reliability of the developed method and gave quantitative results (99.1 -100.1) with convenient reproducibility (RSD = 0.4 -2.0%), thus revealing the high accuracy and precision of the developed method.
Conclusion
In comparison with most instrumental techniques [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] that were usually coupled with prior separation and/or preconcentration processes, the present work describes a new, simple, sensitive, selective and precise method for vanadium determination in natural and seawaters down to 0.008 ng ml -1 using a simple spectrophotometer. On the other hand, among the numerous catalytic methods for vanadium determination, only six methods [23] [24] [25] [26] [27] [28] dealt with seawaters, probably due to the limited sensitivity and/or selectivity of such methods. ( , , ) and Au ( , , ) readings. Other conditions were those given in Fig. 1 : NaCl ( , ); Na2SO4 ( , ); and NaNO3 ( , ). Table 4 Comparison of catalytic spectrophotometric methods for vanadium determination in seawaters a. Measurements were made after 60 min of mixing the reagents. b. For preconcentration and elimination of the strong chloride interference, samples were evaporated in the presence of conc. H2SO4/HClO4 mixture. c. A prior preconcentration and/or separation step was necessary. d. FIA method. e. The initial parts of the calibration graph were non-linear. f. Artificial seawater was used to compensate for matrix interferences. Remarks Ref.
